In Brief
Acuna and colleagues show that combined, but not individual, deletions of the active zone proteins RIMs and RBPs severely impair all active zone functions and alter the trans-synaptic organization of postsynaptic receptors, suggesting unexpectedly broad, redundant functions for these proteins.
INTRODUCTION
In a presynaptic terminal, active zones are assembled at the plasma membrane opposing the synaptic cleft. Presynaptic active zones organize the neurotransmitter release machinery by performing four key functions: tethering vesicles at release sites, priming vesicles for rapid Ca 2+ -triggered fusion, localizing Ca 2+ channels adjacent to release sites, and coordinating transsynaptic signaling for precise alignment of pre-and postsynaptic elements (Sü dhof, 2012) . Despite their importance, how active zones form and function remains incompletely understood. Early electron microscopy (EM) studies of brain tissue stained with phosphotungstic acid (PTA) showed that active zones contain a grid of pyramidshaped dense projections with intercalated synaptic vesicles (Bloom and Aghajanian, 1966; Gray and Guillery, 1966; Pfenninger et al., 1972) , but the role of the presynaptic dense projections was uncertain. For instance, no clear-cut protein component of dense projections has been identified, no molecular manipulation appears to change their fine structure, and dense projections are only visible in chemically fixed, but not in native, EM samples (Ferná ndez-Busnadiego et al., 2010) . As a result, it is unknown whether presynaptic dense projections visualize a normal protein complex that is not visible in cryoelectron microscopy (cryo-EM) samples, or whether they represent a chemical fixation artifact. In support of the first hypothesis, high-resolution immunolabeling studies of active zones uncovered a specific arrangement and orientation of the active zone proteins RIMs, piccolo/asczonin, and bassoon, suggesting that the active zone is truly composed of defined protein complexes (Dani et al., 2010; Limbach et al., 2011) . In support of the second hypothesis, however, no genetic manipulation of an active zone protein has impaired assembly of dense projections, not even manipulations that completely block neurotransmitter release such as deletions of Munc18-1 or Munc13-1 and Munc13-2 (Verhage et al., 2000; Varoqueaux et al., 2002) , suggesting that dense projections may be a non-specific protein aggregate.
Although the structure of active zones thus remains enigmatic, major progress was made in the functional analysis of their components. Biochemical studies suggested that a densely interconnected network of interacting active zone proteins mediates the functions of the active zone (reviewed in Sü dhof, 2012). Specific contributions of active zone proteins to particular functions were shown, including roles for Munc13s in activating the SNARE/SM protein membrane fusion machinery (Ma et al., 2011) , liprins and CASK in connecting the active zone to transsynaptic cell-adhesion molecules (Schoch et al., 2002; Biederer and Sü dhof, 2001) , and RIMs and RIM-binding proteins (RBPs) in recruiting Ca 2+ channels to the active zone Graf et al., 2012; Liu et al., 2011; Acuna et al., 2015) . Most of these functions are similarly observed in vertebrates and invertebrates, suggesting evolutionarily conserved core machinery. However, no manipulation an active zone protein impaired all active zone functions or appeared to alter the structure of their dense projections. RIMs and their eponymous RBPs are multidomain scaffolding proteins that bind directly or indirectly to nearly all other active zone proteins and to Ca 2+ channels ( Figure 1A ; Wang et al., 1997 Wang et al., , 2000 Betz et al., 2001; Schoch et al., 2002; Hibino et al., 2002) . In mice, deletion of all RIMs only partly impairs vesicle tethering, Ca 2+ channel localization, and vesicle priming, and does not alter dense projections Han et al., 2011) . Deletion of RBPs, conversely, causes a decrease in coupling of Ca 2+ channels to action potentials without affecting any other active zone function (Acuna et al., 2015) . Importantly, deletion of the single RBP gene in Drosophila disrupts the structure of active zones, decreases synaptic vesicle priming, and reduces neurotransmitter release Mü ller et al., 2015) . Based on these observations, RIMs and RBPs together appear to contribute to all active zone functions, but seem to individually account for only some of these functions. Interestingly, both RIMs (Krumm et al., 2015) and RBPs (Bucan et al., 2009 ) are implicated in autism, suggesting that the functions of these proteins are rate limiting for cognitive performance in humans.
Here, we hypothesized that RIMs and RBPs act redundantly to control multiple active zone functions, and that their functions may have been underestimated when only one of these protein families was deleted Acuna et al., 2015) . To explore this hypothesis, we produced quadruple conditional knockout (cKO) mice lacking all neuronal RIMs and RBPs, and analyzed the acute deletion of these proteins in two types of central synapses: calyx of Held synapses in acute slices and hippocampal synapses in culture. Our data suggest that RIMs and RBPs are redundantly essential for all active zone functions. Specifically, we find that deletion of RIMs and RBPs blocks neurotransmitter release, Ca 2+ channel recruitment, and vesicle tethering, and additionally disorganizes the alignment of postsynaptic density (PSD) with presynaptic active zones. Moreover, our data show that deletion of RIMs and RBPs together, but not of RIMs or RBPs separately, severely impairs assembly of presynaptic dense projections that are characteristic of active zones. Thus, our results suggest that RIMs and RBPs redundantly constitute central scaffolds from which active zones are constructed.
RESULTS

Conditional Deletion of RIMs and RBPs
We crossed RIM1/RIM2 double cKO mice (RIM1,2 fl mice; Kaeser et al., 2011) with RBP1/RBP2 double cKO mice (RBP1,2 fl mice; Acuna et al., 2015) to generate RIM/RBP quadruple cKO mice (RIM fl /RBP fl mice; Figure S1 , available online). The eight ''floxed'' alleles of quadruple cKO mice were efficiently and faithfully deleted by Cre-recombinase as analyzed by genomic PCRs, allowing conditional deletion of all significantly expressed isoforms of RIMs and RBPs in brain. Thus, this approach made it possible to directly compare the effects of ablating all RIMs and RBPs to the effects of deleting either only RIMs or only RBPs Acuna et al., 2015) .
Acute RIM/RBP Deletion in the Calyx of Held Blocks Ca 2+ -Triggered Release The calyx of Held synapse is arguably the best preparation for quantitative biophysical dissection of synaptic transmission because it affords electrophysiological measurements of both pre-and postsynaptic processes at high resolution (Forsythe, 1994; Borst et al., 1995 (DCre; Kaeser et al., 2011) and AAVs encoding a YFP-tagged channelrhodopsin variant. These virus combinations permitted unambiguous labeling of calyx terminals via co-expressed fluorescent proteins, and enabled precise activation of control and mutant presynaptic calyx terminals with pulses of blue light via co-expressed channelrhodopsins. We cut acute brainstem slices from 9-to 11-day-old injected mice. Calyx terminals could be readily identified in the medial nucleus of the trapezoid body (MNTB) of these slices via the coexpressed fluorescent proteins, and were confirmed by immunostaining for synaptotagmin-2 (Syt2; Sun et al., 2007;  Figure 1C ). We then patched postsynaptic MNTB neurons and recorded excitatory postsynaptic currents (EPSCs) after presynaptic optogenetic activation ( Figure 1C) . To validate the optogenetic approach, we directly compared spike-mediated EPSCs triggered by optical and electrical stimulation. For this purpose, we monitored release induced by light activation in channelrhodopsin-expressing calices, patch clamped the same group of terminals, and measured release again after triggering presynaptic action potentials with current injections ( Figure S2 ). We observed no major differences in release evoked by optical or electrical stimulation, confirming that our approach reliably monitors spike-triggered release from a calyx terminal ( Figure S2 ).
We observed robust synaptic responses in control synapses, but virtually no synaptic responses (<5%) in RIM/RBP-deficient synapses ( Figure 1D ). The RIM/RBP deletion phenotype appears to be more severe than the sum of the separate phenotypes produced by RIM and RBP deletions (Han et al., 2011; Acuna et al., 2015) , suggesting a fundamental redundant role for RIMs and RBPs in release. In the previous RIM and RBP deletion studies, however, RIMs or RBPs were deleted early in development, raising the possibility of developmental compensation. Thus, to directly compare the impact of RIM, RBP, and RIM/RBP deletions on release under identical conditions, we stereotactically injected either RIM1,2 fl (RIM fl ; Kaeser et al., 2011) or RBP1,2 fl (RBP fl ; Acuna et al., 2015) mice with Cre-expressing or control viral vectors as described above, and quantified spike-evoked release.
We found that deleting all RIMs reduced transmission by $60% (Figure 1E ), whereas deleting all RBPs did not significantly reduce transmission ( Figure 1F ). Importantly, rise-time kinetics were not affected by either of these manipulations, but the trial-to-trial variability (measured as the coefficient of variation, c.v.) of both the EPSC amplitude and the rise time was strongly increased by both manipulations, consistent with a role for RIMs and RBPs in coupling Ca 2+ channels to the transmitter release machinery (Figures 1E and 1F; Han et al., 2011; Acuna et al., 2015) . Direct comparison of release impairments in RIM, RBP, and RIM/RBP mutants revealed statistical significance among all of these groups ( Figure S2D ). Specifically, combined deletion of RIM/RBP inhibited release significantly more than the sum of the individual deletions, suggesting functional redundancy between these active zone proteins in Ca
2+
-triggered release ( Figures 1D-1F and S2D) .
The small amount of remaining release in RIM/RBP-deficient synapses could represent a different type of release, or could be due to residual RIM/RBP proteins that had not yet been degraded 10 days after injection of Cre-expressing viruses.
To explore this issue, we analyzed the remaining release in RIM/RBP-deficient synapses quantitatively. Close examination of release dynamics during single trials ( Figure 1G ) revealed synaptic transmission failures and a significant increase in the variability of EPSC time-to-peak delays and rise times that likely resulted from highly variable synaptic delays and strongly asynchronous multiquantal release ( Figures 1G and 1H ). Quantification of EPSC parameters showed that EPSCs in RIM/RBPdeficient synapses had similar averaged rise-time kinetics but significantly shorter EPSC decay times and half-widths ( Figures  1G-1I ). Moreover, synaptic transmission success percentages, which are 100% for wild-type synapses, declined dramatically after deletion of RIMs and RBPs, with half of all synapses exhibiting transmission failures ( Figure 1I ).
The dramatic changes in transmitter release dynamics in RIM/ RBP-deficient synapses could be caused not only by impaired coupling of presynaptic Ca 2+ influx to release (Han et al., 2011; Acuna et al., 2015) , but also by a strongly reduced release probability of the mutant synapses. When the release probability is strongly reduced, the remaining evoked responses display properties that approximate those of single quanta of release, with much faster apparent kinetics (Isaacson and Walmsley, 1995) . We thus directly compared the properties of spontaneous (quantal) and evoked EPSCs during single trials in individual RIM/RBP-deficient synapses ( Figures 1J and 1K ). These trials confirmed that removal of RIM/RBPs caused strong asynchrony in the timing of evoked responses and often produced transmission failures. Due to the good signal-to-noise ratio (quantal responses at the calyx are $40 pA!), strong asynchrony, and fast EPSC kinetics, evoked single quanta responses could be frequently and easily distinguished from currents that resulted from multiquantal release ( Figure 1J , arrowheads). Direct comparison of the amplitude, rise, decay, and half-width of spontaneous and evoked quantal currents in individual synapses revealed no significant differences between spontaneous and evoked quantal responses ( Figure 1K ). Together, these results indicate that removal of RIMs and RBPs so strongly decreased the release probability that the recorded EPSCs essentially represent singlevesicle exocytosis events, accounting at least in part for the changes in release dynamics. Moreover, these observations suggest that the little remaining release in RIM/RBP-deficient synapses exhibits properties that would be expected if a subset of synapses contained some residual RIM proteins and RBPs (Han et al., 2011; Acuna et al., 2015) , which may be predicted if one considers that recordings were made only $10 days after viral injections. Finally, it should be noted that better voltage clamping of smaller EPSCs in mutant synapses could also make a minor contribution to the faster apparent EPSC kinetics of these synapses.
Acute RIM/RBP Deletion Abolishes Synaptic Vesicle Priming
To further characterize neurotransmitter release in RIM/RBPdeficient calyx synapses, we stereotactically injected into the aVCN of RIM fl /RBP fl mice Cre-or DCre-expressing lentiviruses and EGFP-expressing AAVs, which allow full imaging of calyx terminals. We used confocal microscopy for three-dimensional reconstruction of individual calyx terminals, but detected no differences in the size or surface area between control and RIM/ RBP-deficient terminals (Figures 2A and 2B ). (H) Summary graphs of peak presynaptic Ca 2+ current amplitude (left) and of the normalized peak Ca 2+ current density (right). Data are means ± SEM. Number of experiments (synapses/mice): 11/2 DCre, 12/2 Cre (A and B); 10/3 DCre, 10/4 Cre (E and F); 8/3 DCre, 6/3 Cre (G and H). Statistical significance was assessed by Student's t test (*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., non-significant).
We then asked whether the block of release in RIM/RBP-deficient synapses is due to impairments in Ca 2+ triggering of release and/or vesicle priming for release. To address this question, we monitored the readily releasable pool (RRP) of vesicles using dual pre-and postsynaptic patch-clamp recordings in calyx synapses ( Figure 2C ). We depolarized nerve terminals from À80 to 0 mV for 50 ms, which causes maximal opening of presynaptic Ca 2+ channels and evokes release of all primed synaptic vesicles from a calyx terminal (Acuna et al., 2015) . During these experiments, we monitored presynaptic Ca 2+ currents via the presynaptic patch pipette and transmitter release as EPSCs via the postsynaptic patch pipette ( Figure 2D ). EPSCs were recorded in 1 mM g-DGG and 0.1 mM cyclothiazide to reduce glutamate receptor saturation and desensitization, respectively. In wild-type terminals, presynaptic depolarization triggered large presynaptic Ca 2+ currents ($1.7 nA) and robust postsynaptic EPSCs ($24 nA). In RIM/RBP-deficient terminals, Ca 2+ currents were largely inhibited, but not eliminated ($0.5 nA), and the EPSCs were nearly abolished (<0.5 nA; Figure 2D ). Quantifications of EPSCs revealed a >97% reduction in RRP size. Release of the tiny remaining RRP was delayed and slowed down (Figure 2E) . Deconvolution of the EPSCs (Sun et al., 2007; Acuna et al., 2015) showed that the RIM/RBP deficiency decreased the vesicular release rate and RRP size >95%, confirming that the remaining RRP underwent exocytosis at a greatly reduced speed ( Figure 2F ). Taken together, the calyx data establish that the RIM/RBP deficiency almost completely abolishes synaptic vesicle priming and exocytosis. As observed for action potential-evoked responses, the RIM/RBP quadruple KO phenotype is more severe than that of the sum of the RIM and RBP double KO phenotypes (Han et al., 2011; Acuna et al., 2015) , again suggesting that RIM and RBP perform partially overlapping functions in release.
RIM/RBP Maintain Presynaptic Ca
2+ Channel Function During the RRP experiments, we observed that presynaptic Ca 2+ currents were greatly reduced in RIM/RBP-deficient terminals, consistent with a role for RIMs and RBPs in recruiting Ca 2+ channels to presynaptic active zones Han et al., 2011; Liu et al., 2011; Acuna et al., 2015) . To quantify this phenotype, we directly measured the activity and properties of presynaptic Ca 2+ currents in calyx terminals (Figures 2G and S3A) .
Deletion of both RIMs and RBPs reduced the presynaptic Ca 2+ current density by $75%, but had no significant effect on the activation or deactivation kinetics of Ca 2+ currents or their current-voltage (I/V) relationship ( Figures 2H, 2I , S3B, and S3D). The decrease in Ca 2+ current density caused by the RIM/RBP quadruple KO was much larger than the sum of the RIM ($40% decrease; Han et al., 2011) and the RBP double KO phenotypes (no decrease; Acuna et al., 2015) , suggesting again a redundant function of RIMs and RBPs in capturing Ca 2+ channels in presynaptic terminals. The effect of the RIM/RBP deficiency on Ca 2+ current density was specific because the RIM/ RBP deletion had no effect on the K + or Na + current density or on the peak amplitude or half-width of presynaptic action potentials ( Figures S3E-S3G) . Thus, deletion of RIMs and RBPs selectively depleted Ca 2+ channels from presynaptic terminals.
RIMs and RBPs Redundantly Control Release in Cultured Hippocampal Neurons
The calyx experiments showed that acute deletion of RIMs and RBPs in vivo blocks vesicle priming and exocytosis and depletes terminals of Ca 2+ channels (Figures 1 and 2 ), which contrasts with the less severe phenotypes caused by removal of all RIMs Han et al., 2011) or all RBPs (Acuna et al., 2015) . These results thus indicate that RIMs and RBPs are functionally redundant not only for recruiting Ca 2+ channels, as previously suggested Liu et al., 2011) , but also for all other active zone functions. This redundancy was unexpected because RBPs have no known function at active zones besides recruiting Ca 2+ channels (Acuna et al., 2015; Mü ller et al., 2015; Liu et al., 2011) , prompting us to use cultured hippocampal neurons as an experimental system in order to define systematically the functional redundancy of RIMs and RBPs. We first quantified synapse density in precisely matched control and quadruple KO hippocampal neurons by immunocytochemistry and light microscopy. These experiments were designed to test whether the block of synaptic transmission in RIM/RBP quadruple KO neurons was due to a loss of synapses or secondarily caused a loss of synapses. However, we detected no significant changes in synapse density or neuronal morphology upon conditional deletion of RIMs and RBPs ( Figures 3A and S4) .
We next explored the generality of the electrophysiological phenotype observed in the calyx and recorded synaptic responses from cultured hippocampal RIM/RBP quadruple KO neurons. To precisely measure release dynamics at pairs of synaptically connected neurons, we employed optogenetic activation of unitary connections (Acuna et al., 2015) . We sparsely transfected neurons with a tdTomato-tagged channelrhodopsin variant (oChiEF), stimulated presynaptic transfected neurons with brief pulses of blue light ($470 nm for 1 ms), and recorded postsynaptic currents from adjacent non-transfected neurons onto which the channelrhodopsin-expressing presynaptic neurons had formed synapses ( Figures 3B and 3C) .
Using this approach, we found that the RIM/RBP deletion dramatically reduced (>90%) the peak amplitude and synaptic charge transfer of EPSCs evoked by isolated action potentials ( Figure 3C ). Moreover, the apparent functional synaptic connectivity was reduced from 41.4% to 26.8% in RIM/RBP-deficient neurons ( Figure 3D ), suggesting that in at least a third of synapses, the RIM/RBP KO prevented action potential-triggered vesicle fusion. Measurements of EPSCs in synaptic pairs in which residual release was retained after the RIM/RBP deletion showed that the EPSC half-width and the EPSC rise and decay times were decreased in RIM/RBP-deficient hippocampal synapses, similar to the remaining release in RIM/RBPdeficient calyx synapses ( Figures 1F, 1G, and 3C) . Thus, the results in cultured neurons confirm the conclusions obtained in the calyx synapse that RIMs and RBPs are essential for neurotransmission.
To determine whether RIMs and RBPs contribute in an additive or an overlapping fashion to Ca 2+ -triggered release, we analyzed EPSCs recorded from unitary synaptic connections as described above in neurons with either RIM or RBP deletions. Neither the separate RIM nor RBP deletion changed functional connectivity ( Figure 3D ). The RIM deletion partly reduced the size of unitary EPSCs ($50%), while the RPB deletion had no effect, and no other parameter exhibited a significant change (Figure 3D) . These results corroborate the conclusion that the RIM/ RBP quadruple KO produces a superadditive phenotype, indicative of widespread functional redundancy between RIMs and RBPs. This conclusion was further supported by analyses of spontaneous miniature EPSCs (mEPSCs), which revealed an $90% decrease in mEPSC frequency in RIM/RBP quadruple KO neurons without a change in mEPSC amplitude or other mEPSC parameters ( Figure S5 ). Again, RIM double KO neurons exhibited a much smaller phenotype, while RBP double KO neurons manifested no change.
RIM/RBP Quadruple KO Abolishes Vesicle Tethering
Our data so far show that simultaneous deletion of RIMs and RBPs causes a nearly complete loss of synaptic transmission in calyx synapses in acute slices and in hippocampal synapses in culture. Since this phenotype was not due to a loss of synapses, we asked whether synapses are structurally altered. For this purpose, we analyzed the fine structure of synapses by transmission EM of chemically fixed hippocampal neurons using osmium tetroxide-stained sections (Figure 4) . We chose EM analysis of chemically fixed samples instead of rapidly cryo-fixed samples as an approach for two reasons. First, although cryo-EM is superior in visualizing the native synapse structure, it is more sensitive to impairments in the release machinery that lead to decreases in vesicle priming (Siksou et al., 2009; Imig et al., 2014) . Specifically, any impairment in vesicle priming causes a loss of vesicle attachment to the active zone, referred to as docking, when visualized by cryo-EM, whereas in chemically fixed samples impairments in vesicle priming do not change apparent vesicle ''docking'' (reviewed in Sü dhof, 2012). The only known manipulation that causes any, albeit partial, change in vesicle tethering is deletion of all RIMs Han et al., 2011) . Thus, cryo-EM and EM of chemically fixed samples report on different processes of vesicle attachment to the presynaptic plasma membrane, which are here referred to as docking (for the process visualized by cryo-EM) and tethering (for the process visualized by standard EM), with tethering operating upstream of docking. Since the RIM/RBP deficiency blocks priming, it will certainly block docking in cryo-EM, but it is unclear whether it will also block tethering. Second, cryo-EM of presynaptic terminals does not allow visualization of the active zone structure, but only reveals strands connecting vesicles and the presynaptic plasma membrane, whereas standard EM visualizes both pre-and postsynaptic ''densities'' that in the case of the active zone are composed of dense projections. Although dense projections are clearly produced by the chemical fixation and thus not native, they likely reflect the existence of an underlying protein complex that therefore can be monitored by standard EM, but not by cryo-EM (Sü dhof, 2012). EM analyses of cultured hippocampal neurons showed that RIM/RBP-deficient presynaptic terminals contained a similar number of synaptic vesicles as control terminals, but that the distribution of the vesicles in the terminals was dramatically altered. Specifically, the normal accumulation of synaptic vesicles near the presynaptic active zone, indicative of vesicle tethering, was absent in RIM/RBP-deficient terminals, and the average distance between vesicles was increased ( Figures 4A, 4D , 4G, S6A, and S6B). This strong phenotype was only detected in RIM/RBP quadruple KO neurons. RIM double KO neurons exhibited a much smaller decrease in tethered vesicles and no changes in the distance between vesicles, consistent with previous studies ( Figures 4B, 4E, 4H , S6A, and S6B; Kaeser et al., 2011; Han et al., 2011) , whereas RBP double KO neurons displayed no changes in any of these parameters, in agreement with our previous results ( Figures 4C, 4F , 4I, S6A, and S6B; Acuna et al., 2015) . Thus, RIMs and RBPs perform a crucial but redundant role in tethering vesicles at release sites.
In addition to the altered vesicle distribution, we noted that the simultaneous deletion of RIMs and RBPs induced a significant increase in the length of the PSD (Figures 4J, S6C , and S6D; see Figures 5, 6 , 7, and 8 below for further analyses of this phenotype). Importantly, RIM or RBP double KO neurons again did not exhibit changes in the length of the PSD ( Figure 4J ), in line with the redundant action of these protein families observed in presynaptic phenotypes.
Finally, we performed analyses of electron tomography to further characterize the effect of RIM/RBP deletions on synapse ultrastructure. Three-dimensional reconstructions of four control and three RIM/RBP-deficient synapses revealed a pronounced impairment in vesicle tethering and PSD size, but not in the number of vesicles per volume unit (Figure 5 ), similar to our observations using ultra-thin sections (Figure 4 ). Thus, our EM studies indicate that RIMs and RBPs redundantly control the organization of both pre-and postsynaptic compartments.
RIM/RBP Deletion Depletes Presynaptic Dense Projections
A remarkable feature of presynaptic terminals is the presence of regularly spaced dense projections that can be visualized by EM when sections are stained with PTA (Bloom and Aghajanian, 1966) . These pyramid-shaped presynaptic projections are arranged in a hexagonal grid, with vesicles suspended between the projections (Pfenninger et al., 1972) . The dense presynaptic projections are opposite to the strongly PTA-stained PSD, which appears as a uniform solid structure. The PTA-stained pre-and postsynaptic specializations are believed to represent macromolecular aggregates of major active zone and PSD proteins, respectively, but it is unknown which protein components actually contribute to the presynaptic projection structures because no genetic deletion to date appears to change them.
To test if RIMs and RBPs are important for maintaining presynaptic dense projection integrity, we analyzed PTA-stained sections from control and RIM/RBP-deficient cultured hippocampal neurons. Strikingly, RIM/RBP-deficient presynaptic terminals displayed a dramatic reduction in the number and area of dense projections ( Figures 6A, 6B , and S7). The PSD, conversely, was increased in size and area in PTA-stained sections, similar to osmium tetroxide-stained sections ( Figures 4J, 5C , 6B, and S7). As a result, when normalized by the PSD area, presynaptic dense projections were reduced $70% in RIM/RBP-deficient terminals. The remaining dense projections observed in RIM/ RBP-deficient terminals might reflect incomplete depletion of RIM and/or RBP, as suggested by immunoblot analyses (see Figure 7 ) and as discussed above for the remaining release in these synapses. Alternatively, they might reflect the contribution of other active zone components to the structure of presynaptic dense projections, although it is difficult to envision why the presence of these other components would lead to maintenance of a reduced number of projections. Importantly, deletion of neither RIMs nor RBPs alone had an effect on either the dense projections or PSD size. Even the RIM double KO that causes a partial effect on vesicle tethering (Figures 4, 5, and S6) did not significantly change these parameters as analyzed in PTA-stained EM sections (Figures 6 and S7) . These results suggest that RIMs or RBPs are separately sufficient for maintenance of the normal structure of presynaptic dense projections, and that only their combined deletion alters this structure.
RIM/RBP Deletion Decreases Presynaptic Munc13 Levels but Increases Postsynaptic Protein Levels
To determine if removal of RIM/RBP complexes affects the biochemical composition of nerve terminals, we assessed synaptic protein levels using quantitative immunoblots. As expected, we found that cKO of RIMs and RBPs removed most of these proteins, although a significant amount ($10%) remained in the time window analyzed, as assessed with multiple antibodies ( Figure 7A ). This remaining protein is likely due to the long half-life of presynaptic proteins, and is plausibly responsible for the remaining release and residual dense projections in RIM/ RBP-deficient synapses (Figures 1, 2, 3, 4, 5, and 6) .
Surprisingly, despite the loss of RIMs and RBPs and the dramatic functional impairment of RIM/RBP-deficient synapses, most synaptic proteins were expressed at normal levels ( Figures  7B, 7C, and S8 ). In particular, we observed no change in the levels of the presynaptic active zone proteins a-liprins, ELKS, CASK, or piccolo; of Ca 2+ -channel proteins; or of various synaptic vesicle proteins or proteins involved in synaptic vesicle fusion. However, we detected a dramatic decrease ($75%) in the active zone protein Munc13-1, which is essential for synaptic vesicle priming (Augustin et al., 1999) , and a more modest decrease ($40%) in the levels of the active zone protein bassoon (Figure 7B) . Interestingly, at the same time we found that the levels of postsynaptic proteins were increased ( Figure 7C ). Specifically, we observed significant increases in the levels of the AMPA-type glutamate receptor GluA1 ($25%) and the NMDA receptor NR2B ($20%), and an even larger increase in PSD95, a postsynaptic scaffolding protein ($35%). Thus, deletion of RIMs and RBPs leads to a selective decrease in the levels of presynaptic Munc13-1 but to a highly significant increase in the levels of postsynaptic receptor and scaffolding proteins.
RIM/RBP Deletion trans-Synaptically Impacts Postsynaptic Function
The concordant increases in the size of the PSD ( Figures 4J, 5 , and 6) and in PSD protein levels ( Figure 7C ) indicate that the RIM/RBP deletion may enlarge the postsynaptic specializations. However, the amplitude of mEPSCs did not change ( Figure S5 ), suggesting that the RIM/RBP deletion increases the number of glutamate receptors in proportion to the PSD size without changing the density of glutamate receptors. The RIM/RBP deletion could potentially mediate enlargement of postsynaptic specializations by a trans-synaptic action of presynaptic RIMs and RBPs on postsynaptic neurons via a non-cellautonomous mechanism. Alternatively, it is possible that the RIM/ RBP deletion increases the PSD size via a direct postsynaptic function via a cell-autonomous mechanism. To distinguish between these two hypotheses, we tested whether quadruple KO of RIMs and RBPs in all neurons of a culture causes an increase in the total number of surface glutamate receptors (as opposed to the glutamate receptor density in the PSD, which is measured by the mEPSC amplitude). For this purpose, we bath applied 5 mM AMPA to cultures of control and RIM/RBP-deficient hippocampal neurons in the presence of 100 mM cyclothiazide to prevent AMPA receptor desensitization, and measured the resulting EPSC ( Figures 8A and 8B) . We found that the RIM/RBP quadruple KO strongly increased the amplitude of AMPA-triggered currents ($40%), consistent with the increase in GluA1 levels measured by immunoblotting ( Figures 7C and 8B) .
We then tested whether selective postsynaptic deletion of RIMs and RBPs in only a few neurons of a culture caused the same effect, as would be predicted by a cell-autonomous postsynaptic action of RIMs and RBPs. We sparsely transfected hippocampal neurons cultured from RIM fl /RBP fl mice with EGFPCre-or EGFP-DCre-expressing plasmids, and again measured whole-cell responses to AMPA ( Figure 8C ). Selective postsynaptic deletion of RIMs and RBPs had no effect on the total AMPA-evoked currents ( Figure 8D ). Together, these results establish that presynaptic RIMs and RBPs trans-synaptically Statistical significance was assessed using Student's t test (*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., non-significant).
regulate postsynaptic specializations, resulting in a large increase in postsynaptic AMPA receptor levels.
DISCUSSION
Presynaptic active zones are evolutionarily optimized for four functions: tethering of vesicles at release sites, positioning of Ca 2+ channels to plasma membrane sites adjacent to tethered vesicles, priming of vesicles for fusion, and precise coordination of pre-and postsynaptic specializations (Augustin et al., 1999; Zhen and Jin, 1999; tom Dieck et al., 1998; Fenster et Kaeser et al., 2011; Deng et al., 2011) . Over the past decades, significant progress has been made in understanding the specific function of different active zone proteins. What, however, constitutes the most fundamental structural unit of an active zone has remained a central unanswered question. Previous work in Drosophila and mice has shown that genetic manipulations of diverse active zone proteins dramatically affect recruitment of Ca 2+ channels Liu et al., 2011; Graf et al., 2012; Davydova et al., 2014; Acuna et al., 2015) or priming of synaptic vesicles for fusion (Koushika et al., 2001; Augustin et al., 1999; Deng et al., 2011; Gerber et al., 2008) , but none of these manipulations impaired the active zone structure (C) Same as (B), but for postsynaptic proteins demonstrating an increase in glutamate receptor proteins and in postsynaptic scaffolding proteins. Data are means ± SEM. Number of experiments (independent cultures): 6 for DCre, 7 for Cre (A); 16 for DCre, 15 for Cre (B); 18 for DCre, 19 for Cre (C). Statistical significance for all experiments shown in this figure was assessed using Student's t test (*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., non-significant).
as such. Notably, deletions of the Drosophila presynaptic scaffolding protein bruchpilot disrupt the characteristic presynaptic T-bars that are an extension of the active zone, but are probably not an intrinsic active zone component since the bruchpilot deletion does not fully block synaptic transmission (Kittel et al., 2006; Liu et al., 2011) . In mouse, conventional synapse deletion of RIM, a long-standing candidate protein for organizing active zones, only partially interfered with active zone functions, and had no measurable effect on the structure of the active zone Han et al., 2011) . Similarly, deletion of all RBPs in mice had only relatively mild effects on neurotransmitter release, suggesting that RBPs also do not constitute the long-sought core element of active zones (Acuna et al., 2015) . In ribbon synapses, moreover, removal of some active zone proteins causes ''floating'' of the eponymous presynaptic ribbons and disorganization of Ca 2+ channels (Khimich et al., 2005) . However, even the complete removal of ribbons by deletion of RIBEYE in ribbon synapses does not appear to impair the actual release machinery of the active zone, suggesting that this also does not block active zone assembly (Maxeiner et al., 2016 (E) Summary of the effects of RIM/RBP deletions on synaptic structure and function, which results in a loss of presynaptic organization. Data in summary graphs are means ± SEM. Number of experiments (cell/cultures): 13/3 for DCre, 13/3 for Cre (B); 15/4 for DCre, 12/4 for Cre (D). Statistical significance for all experiments shown in this figure was assessed using Student's t test for bar graphs and Kolmorogov-Smirnoff for cumulative distributions (***p < 0.001; n.s., non-significant). channels, and trans-synaptically affecting the organization and function of postsynaptic specializations ( Figure 8E ). Morphologically, the combined RIM/RBP deletion dramatically reduced the characteristic presynaptic dense projections that can be observed by EM after PTA staining, suggesting that RIMs and RBPs together constitute the core of the active zone as a subcellular structure. Altogether, our data demonstrate that RIMs and RBPs are redundant in all active zone functions, revealing an unexpectedly important role for RBPs in the active zone that complements that of RIMs, and that RIMs and RBPs together act as central organizers for active zone functions.
Our data suggest that RIMs and RBPs are absolutely essential for vesicle tethering (Figures 4 and 5) . In previous studies, only one manipulation-deletion of both RIM1a/b and RIM2a/bhad a partial effect on vesicle tethering as visualized by EM of chemically fixed sections Han et al., 2011) , as opposed to vesicle docking, which was shown to be impaired by a large number of genetic manipulations as visualized by cryo-EM (Siksou et al., 2009; Imig et al., 2014) . Thus, changes in vesicle tethering are mechanistically different from docking defects visualized by cryo-EM of unfixed samples. While the mechanism by which RIMs tether vesicles likely involves RIM binding to vesicular Rab3 and Rab27 proteins (Wang et al., 1997; Schoch et al., 2002) , the mechanism by which RBPs contribute to vesicle tethering is unknown, suggesting that RBPs may also directly or indirectly bind to a vesicle component.
We also observed an absolute requirement for RIMs and RBPs in vesicle priming (Figure 2 ). RIMs and RBPs probably support priming by stabilizing Munc13 proteins, the central priming factors at a synapse, as shown by the loss of most Munc13-1 protein in RIM/RBP-deficient synapses (Figure 7) . Mechanistically, this stabilization is mediated in part by the interaction of the RIM N-terminal zinc-finger domain with the Munc13-1 N-terminal C2A domain (Betz et al., 2001; Deng et al., 2011; Schoch et al., 2002) . However, this mechanism alone does not explain our findings because the RIM deletion alone only partially impairs priming, whereas the deletion of both RIMs and RBPs has a much more dramatic, nearly complete effect. Consistent with the notion that RBPs contribute to priming, RBP deletions in Drosophila also partly impair priming Mü ller et al., 2015) , but the mechanisms involved again remain uncertain.
By monitoring total Ca 2+ currents of calyx terminals, we identified a crucial role of RIMs and RBPs in recruiting Ca 2+ channels to the active zone. We observed that the RIM/RBP deletion resulted in a loss of $75% of all Ca 2+ currents ( Figures 2G and 2H ). This loss was not due to a decrease in Ca 2+ channel proteins, which were expressed at normal levels ( Figure 7) . Since RIMs and RBPs are localized to active zones and active zones account for less than 10% of the total plasma membrane in presynaptic terminals (Meinrenken et al., 2003) Finally, we uncovered a redundant function of RIMs and RBPs in the trans-synaptic coordination of presynaptic and postsynaptic specializations. Blocking this function in RIM/RBP quadruple KO synapses led to an enlargement of the postsynaptic specializations and an increase in postsynaptic receptors, a change that is not a simple adaptation to the release phenotype since it was not observed in other KOs that exhibit a similarly severe release phenotype, such as KOs of Munc13 or SNAP-25 (Augustin et al., 1999; Imig et al., 2014) . The fact that most trans-synaptic coordination still operates in RIM/RBP-deficient synapses implies that other pathways also contribute. Mechanistically, it seems plausible that the interaction of RIMs with a-liprins mediates at least part of this function since a-liprins interact with receptor phosphotyrosine phosphatases that function as presynaptic cell-adhesion molecules (Sü dhof, 2012) .
The impairment of all active zone functions by the combined deletion of RIMs and RBPs suggests that these molecules together are central components of an active zone. Active zones, however, are difficult to visualize morphologically. The best avenue to their EM analysis may be the classical PTA staining method, which characterizes active zones as composed of hexagonally arranged dense projections (Bloom and Aghajanian, 1966; Pfenninger et al., 1972) . These dense projections are likely ''artifacts'' in the sense that they do not report on an actually existing subcellular structure that can be observed in samples without chemical fixation (Ferná ndez-Busnadiego et al., 2010; Siksou et al., 2009 ). However, one could refer to these projections as ''true lies'' because we show that they do report on an actually existing protein complex, which requires the presence of either RIMs or RBPs. This protein complex in itself does not constitute an electron-dense structure and is not visible in EM images of rapidly frozen, non-fixed presynaptic terminals, presumably because this protein complex is not sufficiently electron dense without chemical fixation. Nevertheless, this protein complex forms the core of the active zone; its dependence on RIMs or RBPs thus establishes that this protein complex represents the basis for active zone function, and that RIMs and RBPs redundantly form the fundamental building blocks of the active zone.
The various phenotypes of the RIM/RBP deletion document fundamental dysfunctions in specific active zone processes, but raise new mechanistic questions. Apart from the fact alluded to above that our current understanding of the biochemistry of RBPs does not provide immediate insights into how RBPs might function in vesicle tethering and priming, the question arises as to which of the functions of RIMs and RBPs are ''direct'' versus ''indirect.'' This question, however, may be primarily semantic. For example, RIMs act in vesicle priming, at least in part, by recruiting, activating, and stabilizing Munc13, which arguably is the ''real'' priming factor because it enables SNARE/SM protein complex assembly (Augustin et al., 1999; Varoqueaux et al., 2002; Ma et al., 2011) . Does this mean that the RIM function in priming is direct or indirect? A case could be made for both wordings. Based on the fact that most likely all of the functions of RIMs and RBPs are mediated by similar protein-protein interactions, we believe that most of these functions could likely be considered direct or indirect based more on the viewer's perspective than on an objective criterion.
In summary, our data identify RIMs and RBPs as functionally redundant core components of active zones that together mediate the assembly of active zones and, directly or indirectly, participate in most of their functions. In these functions, RIMs and RBPs likely act as scaffolds that recruit various other active zone components, vesicle proteins, and plasma membrane proteins via direct or indirect protein-protein interactions.
EXPERIMENTAL PROCEDURES Mouse Lines
This study used RIM1,2 fl ; RBP1,2 fl (Acuna et al., 2015) ;
and RIM fl /RBP fl mice; the latter were generated by crossing RIM1,2 fl and RBP1,2 fl mice ( Figure S1A ). For details and RRIDs, see Supplemental Experimental Procedures. All mouse experiments were handled in accordance with Stanford and Federal Guidelines and were approved by the Stanford AIUCAC.
Viruses Viral manipulations utilized lentiviruses expressing synapsin-promoter-driven EGFP-Cre or EGFP-DCre , lentiviruses expressing ubiquitin-promoter-driven oChiEF-tdTomato fusion protein (Acuna et al., 2015) , AAVs expressing ubiquitin-promoter-driven DIO-oCHiEF-2a-GFP (for Cre condition) or ChR2(H134R)-YFP (for DCre condition; Rothwell et al., 2015) , and AAVs expressing soluble DIO-GFP (for Cre condition) or just GFP (for DCre condition). Viruses were prepared as described Rothwell et al., 2015) .
Calyx of Held Experiments
Stereotactic virus injections were performed at post-natal day 0 (P0) using glass pipettes and an infusion pump (Harvard Apparatus). For details, see Supplemental Experimental Procedures. Injections were validated histologically and functionally. Electrophysiological recordings from calyx synapses were performed in postsynaptic voltage-clamp and presynaptic voltage-or current-clamp configurations (Acuna et al., 2015) . Slices were placed in a PM-6D recording chamber (Warner Instruments, Inc) mounted onto an Axioskop FS-2 upright microscope (Zeiss) equipped with DIC and fluorescence capabilities and a Lambda DG4 fluorescent lamp used for identification of fluorescently labeled structures and for optogenetic activation. Slices were kept $24 C during recordings via a dual-T344 temperature controller (Warner Instruments) and continuously perfused with normal oxygenated artificial cerebrospinal fluid (ACSF) (at about 1 mL/min perfusion rate). Nerve terminals infected with viruses (see above) and corresponding postsynaptic compartments of calyx synapses were identified under fluorescence and DIC optics and patched under visual guidance. Electrical signals were recorded at 25 kHz with a two-channel Axoclamp 700B amplifier (Axon Instruments) and digitalized with a Digidata 1440 digitizer (Molecular Devices) controlled by Clampex 10.1 (Molecular Devices). For further details, see Supplemental Experimental Procedures.
Experiments Using Cultured Hippocampal Neurons
Hippocampal neurons were cultured from newborn (P0) mice and analyzed at DIV (days in vitro) 14-16 using morphological light microscopy and EM approaches, biochemical experiments, and electrophysiological methods.
Light Microscopy Imaging
We examined the overall structure of neurons and synapse density and size using neurons immunolabeled with MAP2 and synapsin antibodies. Moreover, we validated results on the overall neuronal structure using morphometry of sparsely transfected neurons expressing EGFP. For details, see Supplemental Experimental Procedures.
Electrophysiological Recordings
Electrophysiological recordings were performed in three approaches. Quantal release was monitored as mEPSCs using standard approaches. Spike-triggered release at unitary connections was assessed using optogenetic stimulation of sparsely transfected neurons as described in detail previously (Acuna et al., 2015) . Measurements of postsynaptic whole-cell AMPA responses were achieved by monitoring total whole-cell postsynaptic currents in response to bath-applied AMPA (5 mM). For details, see Supplemental Experimental Procedures.
Electron Microscopy
Cultured hippocampal neurons infected with lentiviral vectors as described above were fixed in 2% glutaraldehyde and 0.1 M Na-cacodylate (pH 7.4) on DIV14 and processed either by post-fixation with 2% glutaraldehyde in 0.1 M Na-cacodylate and staining with 0.5% OsO4 (osmium tetroxide)/0.8% K-ferricyanide for visualization of membranes, or by direct staining with 0.5% ethanol PTA without post-fixation (Bloom and Aghajanian, 1966) for visualization of presynaptic dense projections and postsynaptic densities. All specimens were then stained en bloc with 2% aqueous uranyl acetate, dehydrated, and embedded in Embed812 resin (Electron Microscopy Sciences). Thin sections (50-60 nm) were cut with a Leica ultramicrotome, post-stained with uranyl acetate and lead citrate, and analyzed by EM. For details, see Supplemental Experimental Procedures.
Immunoblotting Experiments
Immunoblotting experiments were performed as described (Acuna et al., 2015) . For RRIDs of antibodies, see Supplemental Experimental Procedures.
Data Analysis and Statistics
All quantitative data shown are means ± SEM; statistical analyses used are noted in all figure legends.
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